[1] The evolution of productivity, redox conditions, temperature, and ventilation during the deposition of an Aegean sapropel (S1) is independently constrained using bulk sediment composition and high-resolution single specimen benthic foraminiferal trace metal and stable isotope data. The occurrence of benthic foraminifer, Hoeglundina elegans (H. elegans), through a shallow water (260 m) sapropel, permits for the first time a comparison between dissolved and particulate concentrations of Ba and Mn and the construction of a Mg/Ca-based temperature record through sapropel S1. The simultaneous increase in sedimentary Ba and incorporated Ba in foraminiferal test carbonate, (Ba/Ca) H. elegans , points to a close coupling between Ba cycling and export productivity. During sapropel deposition, sedimentary Mn content ((Mn/Al) sed ) is reduced, corresponding to enhanced Mn 2+ mobilization from sedimentary Mn oxides under suboxic conditions. The consequently elevated dissolved Mn 2+ concentrations are reflected in enhanced (Mn/Ca) H. elegans levels. The magnitude and duration of the sapropel interruption and other short-term cooling events are constrained using Mg/Ca thermometry. Based on integrating productivity and ventilation records with the temperature record, we propose a two-mode hysteresis model for sapropel formation. 
Introduction
[2] The eastern Mediterranean sedimentary record is characterized by the frequent occurrence of organic rich layers, called sapropels [Olausson, 1961; Kidd et al., 1978] . Sapropels are a sedimentological expression of orbitally induced variations in solar insolation; their occurrence is governed by a 21 kyr periodicity that correlates with precession minima [Rossignol-Strick et al., 1982; Hilgen, 1991; Rohling, 1994] . According to the most recent synthesis, the youngest sapropel (S1) appears to have formed throughout the eastern Mediterranean between 9.8 and 5.7 14 C kyr B.P. (10.8-6.1 calendar kyr B.P.) [De Lange et al., 2008] . Present consensus is that prior to the onset of sapropel formation in SLA9 (∼ 9.2 kyr B.P.), continental runoff from the Nile and Northern Borderland rivers intensified (∼ 10.5 kyr B.P.), resulting in an increased supply of freshwater [Casford et al., 2002] . Consequently, vertical density gradients in the upper water column steepened, leading to restricted deepwater formation. Enhanced export productivity during sapropel formation may initially have been fuelled by the input of river derived nutrients, and further sustained by enhanced phosphorus recycling and nitrogen fixation [Olausson, 1961; Vergnaud-Grazzini et al., 1977; Cita et al., 1977; RossignolStrick et al., 1982; Rohling and Hilgen, 1991; Sachs and Repeta, 1999; Casford et al., 2002; Rohling et al., 2004; Slomp et al., 2004] . Evidence for extensive nitrogen fixation during sapropel conditions invokes oligotrophic surface waters, suggesting that the contribution of river-derived nutrients to surface waters was minor [Sachs and Repeta, 1999] .
[3] Furthermore Casford et al. [2002] presented a case for an initial period of 1000-1500 years of nutrient accumulation prior to the onset of sapropel deposition. This would suggest that the nutrient budget for the actual period of sapropel deposition should not be considered in terms of a steady state process, but that it included nutrients imported into the basin during the extensive early phase of flooding. The process involved would be initial deposition on the shelves/slopes, and subsequent remobilization/recycling during the sapropel event. Increased productivity during sapropel deposition is based on a higher export flux of organic matter, reflected in sediment cores by enhanced organic carbon (C org ) and biogenic barium content [Thomson et al., 1995; van Santvoort et al., 1996] .
[4] The combination of higher organic matter remineralization [Passier et al., 1996] and decreased ventilation resulted in widespread bottom water anoxia [Rohling and Gieskes, 1989; Rohling, 1994] . Past anoxia is recognized in sediment cores by an absence of benthic foraminifera, depleted sedimentary Mn concentrations and the presence of reduced mineral species such as pyrite [Passier et al., 1996; Jorissen, 1999; Thomson et al., 1999] .
[5] Discussions of sapropel formation center on the relative roles of enhanced export production and redox controlled enhanced organic matter preservation, in controlling the organic carbon content of sapropels. Both processes not only interact during sapropel formation, but are also intimately linked in proxy data. More recently, sapropel studies have also focused on a centennial scale interruption in sapropel deposition, recognized in cores throughout the eastern Mediterranean [Rohling et al., 1997; De Rijk et al., 1999] . The sapropel interruption is considered to have resulted from an increase in frequency and intensity of winter cooling, which led to an abrupt collapse of stratification and consequent reoxygenation of bottom waters down to more than 1500 m [Casford et al., 2003] but no deeper than 1800 m [De Lange et al., 2008] . Sapropel formation is thus characterized by the complex interplay of productivity and ventilation, with superimposed impacts from abrupt cooling events. Only by using independent multiproxy records can we hope to deconvolve the resulting complex sedimentary phenomena.
[6] Foraminifera have long been used by paleoclimatologists to unravel past changes in the physical and chemical properties of seawater [Parker, 1958; Ruddiman, 1971; Lea and Boyle, 1989; Rosenthal et al., 1997; Lear et al., 2000; Rosenthal et al., 2006; Jorissen et al., 2007] . Records of variations in trace metals and stable isotopes can be extracted from the carbonate tests of benthic foraminifera. The benthic foraminifer Hoeglundina elegans is of particular interest in trace metal investigation. First, it possesses an aragonitic test that is less susceptible to diagenetic overgrowths than the calcitic shells of most other perforate benthic foraminifera [Boyle et al., 1995] . Often, foraminiferal Mn oxide coatings have to be removed from calcitic taxa by elaborate cleaning procedures, which complicates trace metal measurements and may also bias the trace metal record through the preferential removal of the more labile calcium carbonate phases [Yu et al., 2007] . Second, globally, H. elegans has a cosmopolitan distribution and lives over a wide range of water depths [Parker, 1958; Lutze and Coulbourn, 1984; Boyle et al., 1995; Hughes et al., 2000; Koho et al., 2008] . In a study of the Aegean Sea, Parker [1958] reports the presence of H. elegans within a water depth range of 80-1300 m. Hoeglundina elegans preferentially lives at or close to the sediment-water interface [Jorissen et al., 1998; Schönfeld, 2001; Fontanier et al., 2002] , which is commonly explained in terms of the maximum concentration of labile food particles there [Jorissen et al., 2007] , and as such provides a record of the chemistry of oceanic bottom waters and surfi- cial pore waters [Boyle et al., 1995; Reichart et al., 2003; Rosenthal et al., 2006] . The combination of these characteristics makes it an ideal candidate for tracking variations in bottom water trace metal concentrations through time.
[7] Core SLA-9 was retrieved with R/V Aegeo by gravity corer from the Cyclades Plateau (37°31′N, 24°33′E) in the southwestern Aegean Basin, from a depth of 260 m (Figure 1 ). The water column is characterized by temperatures ranging from 19°C at the surface to 14.5°C at depth (∼300 m) and salinity ranging from 39.3 to 38.9 (Figure 1,  inset) . The Aegean currently plays a key role in eastern Mediterranean circulation as a site of deep and intermediate water formation for the entire eastern Mediterranean basin [Theocharis, 1989; Roether et al., 1996; Lascaratos et al., 1999] . The sensitivity of this hydrographic link to cold climatic events [Roether et al., 1996] makes the Aegean a key region for study of the causes of eastern Mediterranean reoxygenation at sapropel interruption and termination [Casford et al., 2003; Marino et al., 2007] . Studying sapropel formation furthers our understanding of the impact of abrupt climate change on circulation and deep water formation in the Mediterranean. Of broader significance, Mediterranean sapropels offer an ideal test bed for detailed studies of the processes governing organic matter burial, and of the sensitivity of thermohaline ventilation processes to climate change.
[8] In this study, the application of laser ablation-ICP-MS (LA-ICP-MS) to benthic foraminifer H. elegans provides a new tool in the reconstruction of bottom water conditions during sapropel deposition. Laser ablation-ICP-MS is virtually nondestructive and permits both the repeated analysis of scarce foraminifera and the subsequent measurement of their oxygen and carbon isotope ratios, thus avoiding any potential offsets between individuals. By coupling the dissolved Ba and Mn records, as deduced from H. elegans, with their solid phase counterparts, we potentially gain new insights into surface water productivity, biogenic barium preservation, and the evolution of redox conditions throughout the sapropel. We use Mg/Ca thermometry to constrain the duration and magnitude of the cooling during the sapropel interruption. Other centennial scale cooling events, previously suggested by changes in planktonic and benthic foraminiferal assemblage changes [De Rijk et al., 1999; Rohling et al., 2002; Abu-Zied et al., 2008] , close to the onset and termination of sapropel S1, are similarly constrained. The uninterrupted presence of H. elegans in SLA-9 [Abu-Zied et al., 2008] combined with LA-ICP-MS, thus presents a unique opportunity to better characterize the key forcing mechanisms for environmental change in the Aegean [Casford et al., 2003] and the deep eastern Mediterranean.
Materials and Methods
[9] Core SLA-9 was sampled using U channels that were subsampled in a continuous series of 0.5 cm intervals for faunal analysis, and 1 cm intervals for bulk sediment analysis.
[10] For bulk sediment analysis a subsample was freezedried and thoroughly ground in an agate mortar. The powder was digested in a mixture of HF, HNO 3 and HClO 4 , evaporated to near dryness, before being taken up again in a solution of 1M HCl. Solutions were measured by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (Perkin Elmer Optima 4300DV), with an instrumental precision of better than 3%, for the elements reported. Dilution effects due to varying input rates of carbonate and detrital material are eliminated by normalizing sediment elemental concentrations against Al.
[11] Another part of each subsample was used for foraminiferal preparation, for abundance counts, stable isotopes, shell chemistry, and AMS radiocarbon dating. These aliquots were first dried at 50°for 24-48 h, after which they were wet sieved with distilled water and separated into 600, 150, 125 and 63 mm fractions.
[12] For shell chemistry, we picked the aragonitic benthic foraminiferal species H. elegans from the > 150 mm fraction. The trace metal composition of H. elegans was measured by laser ablation using a deep UV (193 nm) excimer laser (Lambda Physik) with GeoLas 200Q optics. Ablation was performed at a pulse repetition rate of 5 Hz, an energy density of 10 J/cm 2 , and a crater size of 20 mm. Ablated particles were measured by a quadrupole ICP-MS (Micromass Platform). Calibration was performed against international glass standard (NIST612), using the Pearce et al. [1997] Ba and 208 Pb. All H. elegans specimens were ablated twice on their umbilical side. Analytical error (equivalent to 1 sigma), based on the repeated measurement of an external standard, was ± 8% for Ba, ± 8% for Mn, ± 10% for Mg and ± 6% for Sr. Each laser ablation measurement was screened for contamination and diagenetic coatings by monitoring Al, Mn and Pb. On encountering surficial clay contamination (indicated by Al peak) the data integration interval was adjusted to exclude the Al enrichment (see Figure 2 ). Based on laser ablation profiles, there was no indication of diagenetic Mn coatings on this sample set. As each laser ablation pulse removes approximately 50 nm per pulse, even microscopic coatings of Mn oxides would be detected by this method. Data from single specimen trace metal analyses are prone to scatter due to inter and intraspecimen variations [Sadekov et al., 2005] , possibly related to microhabitat and/or vital effects (see Tables A1-A3 ). We applied a 500 year moving Gaussian window to the benthic foraminiferal trace metal and stable isotope data in order to highlight robust trends.
[ [14] Atomic mass spectrometry radiocarbon datings and the age model for SLA-9 have been previously described by Casford et al. [2002 Casford et al. [ , 2007 and Abu-Zied et al. [2008] . All dates presented here are given in conventional 14 C years. Stable O and C isotope results for the surface-dwelling planktonic foraminiferal species Globigerinoides ruber (white) have been previously described by Casford et al. [2002] .
Results
[15] The sapropel interval is characterized by dark olive gray sediments extending from 103 to 84 cm depth, (9000 years B.P. and 7900 years B.P.) followed by light gray muds up to 64 cm (6100 years B.P.) (Figures 3 and 4a) . Downward from the sapropel, a continuous transition is observed to light gray sediments, which continue down to about 113 cm depth (10,600 years B.P.).
[16] In core SLA-9, (Ba/Al) sed ratios show a first peak at 9650 years B.P., followed by a sharp drop at 9350 years B.P. (Figure 4d ). Immediately thereafter, at 9200 years B.P., (Ba/Al) sed ratios abruptly increase to maximum values, which are attained at 8900 years B.P. Subsequently (Ba/Al) sed ratios remain high until a strong drop starting at about 6350 years B.P. Holocene background levels are reached at 6100 years B.P. Thus the extent of the sapropel from initial onset to termination is between 9200 to 6100 years B.P.
[17] The record of low-oxygen tolerant benthic foraminifera for SLA-9 shows an initial increase at around 10250 years B.P. (Figure 4b ) [Casford et al., 2003 ]. They attain a first peak at 9650 years B.P., exactly coincident with the first (Ba/Al) sed peak. After a drop to lower values, the percentage of low-oxygen tolerant benthic foraminifera abruptly increases to maximum values at 9000 years B.P. Values remain high until 6400 years B.P., when their percentage sharply decreases until background levels are reached at about 6100 years B.P. The relative abundance of H. elegans is generally < 2% throughout the core. Although such low abundances are difficult to quantify because of counting statistics (the entire 150-600 mm fraction has been used without any partitioning or splitting, in order to pick up to 250 specimens from each sample, or as many as present [Abu-Zied et al., 2008] ; however, within the sapropel sometimes only 80 to 150 specimen were present), concentrations do decrease somewhat during the sapropel (Figure 4b ).
[18] The (Ba/Ca) H. elegans ratios are stable from the bottom of the core to about 9800 years B.P. From there on they increase until a maximum of about 13 mmol/mol at 8300 years B.P. (Figure 4e ). After this, values decrease to a minimum at 7400 years B.P., followed by a second interval with high values from 7300 to 6600 years B.P. After this, values fall back to presapropel ratios.
[19] The (Mn/Al) sed values before and after the sapropel are between 12 and 14 mg/g ( Figure 4f ). A gradual decrease in (Mn/Al) sed starts at the base of the sapropel, culminating in a minimum of ∼9 mg/g at about 8200 years B.P. From this point on we observe a gradual increase until about 6300 years B.P., where values abruptly increase to Holocene "baseline values."
[20] The (Mn/Ca) H.elegans ratios are low throughout our record ( Figure 4g ). They exhibit a large scatter and the pattern differs distinctly from the sedimentary (Mn/Al) sed ratio. A clear increase can be observed at about 8500 years B.P. Values remain high until 6700 years B.P. with the exception of a drop culminating at 7400 years B.P. After 6700 years B.P. values drop to a new minimum of 2.5 mmol/mol, at 6300 years B.P. Toward the top of the record, values show a slight increase.
[21] Oxygen isotopic values of H. elegans display considerable scatter until 10,000 years B.P., followed by less variable, rather heavy, values in the younger part of the record. The offset between d
18 O H. elegans and d
18
O G ruber is reduced before 12,000 years B.P., but shows no clear systematic variations later in the record ( Figure 5 ).
[22] Throughout the record d 13 C H. elegans is heavier than d 13 C G.ruber ( Figure 6 ). Also, there is more scatter in the H. elegans record (single-specimen analyses) than in the G. ruber record (multiple-specimen analyses), likely related to smoothing effect inherent to multiple-specimen analyses.
Overall, d
13 C H. elegans shows the same trend to the d 13 C G. ruber trend: a gradual decrease toward the sapropel, culminating in a minimum at around 7100 years B.P. A more pronounced step toward lighter values is observed in d
13 C H. elegans at about 9000 years B.P. This more abrupt step in d
13
C H. elegans causes the isotopic offset between the two species to decrease from this point onward.
[23] The (Mg/Ca) H. elegans -temperature calibration, adapted from Reichart et al. [2003] , is best described by an exponential curve (y = 0.3894e 0.1564x ) whereby temperature explains 80% of the variation in (Mg/Ca) H. elegans ( Figure 7a ). The (Mg/Ca) H. elegans ratios in SLA-9 fluctuate between 2 and 3.5 mmol/mol ( Figure 7b ). From 12,500 to 7000 years B.P., values increase from 2.6 to 3.5 mmol/mol. The upper part of the record is interrupted by 3 distinct centennial-scale minima, at 9700 years B.P., 7600 years B.P., and 6000 years B.P. (Figure 7b (A-C)). After 6000 years B.P., values are about 2.9 mmol/mol. From 12,500 years B.P. to 7000 years B.P. the resulting (Mg/Ca) H. elegans derived temperature record ( Figure 7c ) shows a gradual, temperature rise from ∼12 to 14°C. Disrupting this general increase in temperature are 3 prominent (∼3-4°C) cooling events at 9700 years B.P., 7600 years B.P., and 6000 years B.P. (Figures 7b and 7c (A-C)). However, cooling event A, at 9700 years B.P., is defined by a single data point. After about 6000 years B.P., (Mg/Ca) H. elegans ratios sharply increase again, returning to about 13°C at 5500 years B.P. The Rosenthal et al. [2006] (Mg/Ca) H. elegans -temperature calibration would suggest unrealistically high temperatures (in the order of 50°C). The reason for this discrepancy is unclear. Possibly, given that different analytical methods were employed, the leaching phase in classical foraminiferal trace metal analyses preferentially removed a high Mg phase [Lohmann, 1995; Barker et al., 2003 ] from the more soluble aragonitic shells.
Discussion

Hoeglundina elegans as a Recorder of Bottom Water Conditions During Sapropel Formation
[24] In the Atlantic Ocean, H. elegans is a low to mid bathyal taxon that seems to prefer oligotrophic, oxic conditions . However, the species is also known to be able to tolerate low-oxygen environments, such as the California borderland basins [Douglas and Heitman, 1979; Mackensen and Douglas, 1989] . Because of the extreme oligotrophy that characterizes the eastern Mediterranean [Antoine et al., 1995] , H. elegans can be found at much shallower water depths, similar to other oligotrophic species [De Rijk et al., 2000] . However, its low percentages in our core suggest that conditions were close to the tolerance limits of the taxon (Figure 4c) , and that the depth of the core location is close to the upper bathymetric limit of this species in the southern Aegean Sea.
[25] Due to the low abundances, only few specimens are available for geochemical analysis per sample. Particular care must therefore be taken to ensure that these scarce specimens are autochthonous. Several arguments converge to show that our H. elegans specimens are indeed autochthonous: First, Figure 5 . Oxygen isotope records ‰ of H. elegans and G. ruber [Casford et al., 2002] versus conventional 14 C kyr in core SLA-9. Dark gray lines represent data, overlain with red line representing a 500 year Gaussian smoothing. Sapropel and sapropel interruption are indicated by gray and blue shading, respectively.
(Ba/Ca) H. elegans and (Mn/Ca) H. elegans both increase during the sapropel (Figures 4e and 4g ), in line with autochthonous H. elegans recorded bottom water chemistry during a period of enhanced export flux and/or reduced ventilation. Second, the stepped depletion in d
13 C H. elegans at the sapropel onset, and its return to higher values at the sapropel termination, agree with records of other, more abundant benthic foraminifera from core SLA-9 [Casford et al., 2003] . Next, the water depth of 260 m appears to be close to the upper depth limit of H. elegans in the Aegean Sea [Parker, 1958] so that reworking from shallower sites would be an unlikely source of H. elegans specimens. In general, the percentage of displaced epiphytic and other shallow water taxa is very low in our core, and becomes minimal during the deposition of sapropel S1 [Abu-Zied et al., 2008, Figure 9] . Finally, although reworking of older, glacial outcrops could also explain the presence of H. elegans in our samples, this is ruled out by the following observations: taxa typical of preHolocene conditions, such as Cibicidoides pachydermus, Siphotextularia spp. and Trifarina angulosa, are abundant in the pre-Holocene faunas at the bottom of the core [Abu-Zied et al., 2008] . In sapropel S1, however, these taxa are present only in trace amounts. Thus, it can be excluded that they have been transported from better oxygenated niches in shallower water, or from reworking of older deposits. All these arguments converge to the conclusion that the occurrence of H. elegans is the result of a continuous presence of this taxon at the core locality.
[26] Based on benthic foraminiferal studies of nearby cores, we suspect that the locality of SLA-9 (present water Figure 6 . Carbon isotope records ‰ of H. elegans and G. ruber [Casford et al., 2002] versus conventional 14 C kyr in core SLA-9. Dark gray lines represent data, overlain with red line representing a 500 year Gaussian smoothing. Sapropel and sapropel interruption are indicated by gray and blue shading, respectively. depth 260 m) was positioned several hundreds of meters above the limit of persistently anoxic waters during sapropel times. In fact, also core SL-31 from 430 m depth [Abu-Zied et al., 2008] contains benthic foraminifera throughout, whereas southern Aegean cores GeoTü SL123 from 728 m [Kuhnt et al., 2007] and C40 from 852 m depth [Geraga et al., 2000] were almost devoid of benthic foraminifera during S1 times. These observations suggest that the limit between oxic and persistently anoxic bottom waters was positioned roughly between 500 and 700 m depth. Core SLA-9 not only shows a continuous presence of benthic foraminifera, but it also shows a continuous presence of low quantities of sediment-surface dwelling taxa, which are usually considered sensitive to low oxygen concentrations (e.g., H. elegans, Gyroidina spp.), suggesting that the seafloor at our core locality never became continually anoxic.
Productivity in the Aegean During Sapropel Deposition
[27] Enhanced (Ba/Al) sed ratios indicate that more barium was reaching the seafloor during sapropel formation. Marine sediments contain Ba mainly in the form of biogenic barite (BaSO 4 ) [Dehairs et al., 1980] . Biogenic barite forms as microcrystals in decaying organic debris, a process that underpins its use as a proxy for past productivity in Mediterranean waters [Bishop, 1988; Dymond et al., 1996] . Enhanced barite burial fluxes are a function of both productivity and preservation [Dymond et al., 1996] . On reaching the seafloor, BaSO 4 partially dissolves in undersaturated bottom waters [Schenau et al., 2001] . The associated release of dissolved Ba to the bottom waters is reflected in enhanced (Ba/Ca) H. elegans . The degree of dissolution (and thus preservation of BaSO 4 ) depends on the concentration of sulfate and free Ba 2+ [Church and Wolgemuth, 1972] both of which may be slightly modulated with changes in salinity [Millero and Schreiber, 1982] . However, a salinity drop of 1-1.5, equivalent to the drop in salinity associated with increased freshwater runoff during sapropel formation [Rohling, 1994; Rohling, 1999; Kuhnt et al., 2007] , results in only an ∼1% increase in free Ba 2+ concentration due to reduced complexation, and a decrease in BaSO 4 precipitation by 4% at most. Clearly this is irrelevant in comparison to the observed changes. Alternatively, enhanced (Ba/Ca) H. elegans could be related to reduced bottom water ventilation, leading to a build up of deeper water Ba 2+ . Riverine input during sapropel formation may also serve as an additional local source of Ba 2+ to the Aegean, as river water is enriched in Ba 2+ relative to surface waters [Martin and Meybeck, 1979; Hall and Chan, 2004; Weldeab et al., 2007] . However, this influence is deemed negligible in view of the core location in the southern Aegean being remote from any potential river system. Transport of riverine Ba 2+ is limited because seawater is at or close to saturation with respect to barite. Finally, barium can be scavenged from seawater by adsorption onto Mn oxides [De Lange et al., 1990] , thus remobilization of Mn oxides could result in release of Ba 2+ . The potential amount of adsorbed Ba that could be released from Mn oxides mobilized during S1 formation is negligible [Reitz et al., 2006] , whereas that associated with post S1 Mn oxide formation remain fixed during oxygenated conditions. While (Ba/Ca) H. elegans ratios and thus bottom water Ba 2+ undergo a doubling during sapropel formation, their absolute values still remain relatively low and are comparable to intermediate water values in the north Atlantic [Reichart et al., 2003] , which suggests that barite remains undersaturated. Such low values exclude a substantial impact of increased bottom water Ba 2+ concentrations on sedimentary BaSO 4 preservation. In summary, (Ba/Al) sed indicates higher export fluxes, whereas enhanced (Ba/Ca) H. elegans during sapropel formation can be attributed to a combination of higher export fluxes and low rates of bottom water ventilation.
Bottom Water Redox Conditions
[28] Manganese is a redox sensitive element, which is remobilized from solid phase Mn oxide to dissolved Mn 2+ during oxygen depleted (suboxic) [Libes, 2009; Burdige, 2006] bottom/pore water conditions [Froelich et al., 1979] 1983]. The observed anticorrelation in our record between (Mn/Ca) H. elegans and (Mn/Al) sed therefore suggests such enhanced Mn mobilization due to suboxic conditions at or close to the sediment water interface. The high variability seen in (Mn/Ca) H. elegans during the sapropel probably primarily reflects the highly dynamic nature of Mn cycling at the sediment water interface.
[29] Using variations in (Mn/Al) sed and (Mn/Ca) H. elegans profiles as a framework, we propose a five-step evolution of redox conditions in the southern Aegean during sapropel formation, resulting from the interplay of stratification and water mass isolation with ventilation and reoxygenation. Redox changes may also be driven by higher fluxes of organic matter reaching the seafloor. Increased river runoff during sapropel deposition indeed brought with it a higher flux of riverine organic matter to the Aegean [Aksu et al., 1999] . However, its contribution to redox variations at the sediment water interface would be minor due to its refractive nature [Burdige, 2005] .
[30] First (10,300 years B.P. to 9000 years B.P.), a gradual decrease in (Mn/Al) sed prior to sapropel formation resulted from partial mobilization of Mn oxides within the sediments (Figure 4f ). Continuously low (Mn/Ca) H. elegans suggests that the liberated Mn 2+ reprecipitated immediately above or near the sediment-water interface, which indicates that bottom waters remained oxygenated. The shift to lighter d 18 O values in both H. elegans and G. ruber at ∼10,300 years B.P. is here interpreted to signify a gradual freshening of the entire water column ( Figure 5 ). Based on G. ruber alone, Casford et al. [2002] previously interpreted this shift as a strengthening of the summer thermocline. However, as a similar shift to lighter d
18 O values also occurs in the benthic foraminiferal species H. elegans, this suggests that it is not a seasonal surface water signal, but rather points to a yearround change, affected the whole water column.
[31] Second (9000 years B.P. to 7900 years B.P. (sapropel S1a), a quick onset of oxygen depleted conditions in the bottom waters resulted in rapid mobilization of Mn oxides from the sediment and a build up of Mn 2+ at the sedimentwater interface, where H. elegans calcifies. The increase in (Mn/Ca) H. elegans at 9000 years B.P. coincides with an abrupt shift to lighter values in both d
18 O H. elegans and d 13 C H. elegans (see Figures 5 and 6 ). The observed depletion in d
13 C H. elegans can be explained by an enhanced organic matter flux and subsequent remineralization, releasing 13 C depleted DIC at the sediment water interface.
[32] Third (7900 years B.P. to 7500 years B.P.), reventilation of the water column drove the Mn 2+ /MnO 2 redox front back into the sediment during the sapropel interruption. Consequently (Mn/Al) sed increases, while (Mn/Ca) H. elegans decreases (Figures 4f and 4g) .
[33] Fourth (7500 years B.P. to 6100 years B.P. (S1b)), reestablishment of suboxic bottom water conditions during the second phase of sapropel deposition led to a renewed migration of the Mn 2+ /MnO 2 redox front to the sediment water interface, resulting in maximal (Mn/Ca) H. elegans values (Figure 4g ). Here, (Mn/Al) sed and (Mn/Ca) H. elegans no longer exhibit the negative correlation, seen in the previous intervals. Instead (Mn/Al) sed continues to rise gradually until sapropel termination. The absence of expected "low" (Mn/Al) sed values during S1b can be explained as a diagenetic feature due to postdepositional reoxygenation of sediments, or "burn down" whereby a downward diffusing redox front converts Mn 2+ to Mn oxides, thus obscuring the primary (Mn/Al) sed signal [van Santvoort et al., 1996] . The drop toward Holocene values starts abruptly at 6800 years B.P., where (Mn/Ca) H. elegans rapidly decreases as d 13 C H. elegans and d 13 C G. ruber shift back to heavier values ( Figure 6 ).
[34] Fifth (6100 years B.P. and afterward), complete reventilation of bottom waters at the sapropel termination caused the Mn 2+ /MnO 2 redox front to migrate back into the sediment. This led to the accumulation of Mn oxides that cause higher (Mn/Al) sed and low (Mn/Ca) H. elegans .
Abrupt Centennial-Scale Cooling Events
[35] Abrupt centennial-scale cooling events exert important control on sapropel deposition, as they appear to be responsible for both sapropel interruption and termination (see Figure 7c) . Each cooling event (labeled A-C in Figure 7c ) results in an approximate drop in temperature of 3-4°C, independently confirming what previous studies, using different methods, have shown [Rohling et al., 1997; De Rijk et al., 1999; Cacho et al., 2001; Rohling et al., 2002] . Cooling event A, though constrained here by a single data point only, may correlate with a short cooling event suggested by planktonic foraminiferal assemblage changes in the Adriatic, at 9500 years B.P. [Rohling et al., 1997; De Rijk et al., 1999] . Cooling events B (sapropel interruption) and C (sapropel termination) have been similarly inferred from regional marine records [Rohling et al., 1997; De Rijk et al., 1999; Geraga et al., 2000; Mercone et al., 2001; Rohling et al., 2002] . These short-term cooling events are attributed to the strengthening and increase in frequency of winter cooling, driven by changes in intensity of high latitude continental air masses [Theocharis, 1989; Roether et al., 1996; Rohling et al., 2002] .
[ Casford et al. [2003] to reflect a seasonal offset between climate forcing and the proxy carrier, as cooling is a winter phenomenon and is thus not recorded by G. ruber, which thrives in the summer mixed layer [Rohling et al., 1997 [Rohling et al., , 2004 [Epstein et al., 1951] . During S1 times, combined stable isotope and salinity modeling suggests that a +1‰ d 18 O effect from temperature reduction might be offset by a ∼0.6 salinity reduction [Rohling, 1999] .
[37] The 9700 years B.P. cooling event occurred 800 years before the sapropel onset. The next cooling event, at about 7700 years B.P. resulted in an interruption of the sapropel, while the final cooling event at 6100 years B.P. shut sapropel formation down completely with renewed ventilation of the Aegean bottom waters. We propose that the nonlinear response to successive cooling events reflects the existence of two alternate states or stable modes, which alternate according to a hysteresis loop (Figure 8 ) [May, 1977; Scheffer et al., 2001] . We constrain the shape of this hysteresis loop for sapropel initiation and termination by plotting (Ba/Al) sed to characterize the "mode" (sapropel or nonsapropel) and (Mg/Ca) H. elegans to characterize a key system variable (temperature). The hysteresis is defined by the forward and backward switch from sapropel to nonsapropel mode occurring at different critical conditions (Figure 8 ). The sapropel mode is marked by increased water column stratification and enhanced export fluxes. Around 7700 years B.P., the sapropel "interruption" coincides with a cooling event similar to that seen at around 6100 years B.P. Yet, after the temperature perturbation is removed, sapropel formation continues after the 7700 years B.P. event, and not after the 6100 years B.P. event (NB, for clarity, we emphasize again that all ages are reported in radiocarbon convention years, without corrections). Marine and terrestrial d 18 O records exhibit a mean [Rohling, 1999; Bar-Matthews et al., 2000; Rohling et al., 2002; Arz et al., 2003; De Lange et al., 2008] which, in interplay with the 6100 years B.P. event, could have facilitated a permanent stop to sapropel formation.
[38] Based on the (Ba/Al) sed versus (Mg/Ca) H. elegans plot (Figure 8 ), the critical thresholds defining the sapropel and nonsapropel mode, can be estimated. The (Mg/Ca) H. elegans values reflect bottom water conditions, hence winter temperatures. Although temperature was clearly not the only factor involved, the critical value required to go into sapropel mode was about 14°C, whereas the temperature tipping the system back to its nonsapropel mode was on the order of 10°C. While this temperature range is relatively limited, it was enough to maintain the stratified conditions first initiated by freshwater input, and thus keep the Aegean in its sapropel state for several thousand years.
Conclusions and Implications
[39] This study introduces a promising new application of LA-ICP-MS to benthic foraminifera. The integrated study of dissolved and particulate trace elements allows the better elegans. The last two of these events lead to sapropel interruption and termination, respectively. We propose a hysteresis loop with two stable modes, the sapropel mode and the nonsapropel mode. The stability of the sapropel mode is controlled by "slow variables" such as export productivity and stratification, but is also sensitive to episodic perturbations, such as abrupt cooling events.
Appendix A
[40] We present the results of single laser ablation analyses, including averages per test, standard deviation, and standard error per depth, for Ba (Table A1) , Mn (Table A2) , and Mg (Table A3) .
[41] Acknowledgments. We thank two anonymous reviewers for their suggestions, which greatly improved this manuscript. Also, the support of the crew and captain of R/V Aegeo during the sampling campaign for core SLA-9 is gratefully acknowledged. Paul Mason and Gijs Nobbe are thanked for their assistance with LA-ICP-MS. This is publication DW-2009-5004 of the Darwin Center for Biogeosciences, which partially funded this project.
